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Abstract. Precision measurements of beta-spectra have always been and are still playing
an important role in several fundamental physical problems, predominantly in neutrino physics.
Magnetic and electrostatic spectrometers possess the superior energy resolution, but at the same
time such devices appear to be very complex and large-scale setups. Since the electron free path
at 3 MeV (which is, basically, the maximum beta-transition energy for long-living isotopes) does
not exceed 2 g/ em?, solid state scintillation and ionization detectors were effectively employed
for detection of electron. In case of semiconductor detectors there is a significant probability of
back-scattering from the detector surface that depends on the detector material. This issue could
be overcome by constructing a beta-spectrometer with 47 geometry, fully covering the source and
capable of detecting backscattered electrons. Here we present a technology allowing production
of a beta-spectrometer based on silicon detectors and having 47 geometry. The spectrometer
developed had been fitted with a 14*Ce-1*4Pr radioactive source and has demonstrated capability
of performing precision beta-spectrometry for this nuclides.

1. Introduction

Since energy nonconservation problem in beta-decay was established by W.Pauli in 1930 [1] and
had led to neutrino discovery, beta-spectrometry remains a very important problem for various
nuclear and particle physics implications. The beta-decay theory, introduced by E. Fermi shortly
afterwards [2] was explaining the main features of the spectral shape, but some decays still can
not be described by this theory. For instance, the so-called Fermi Golden Rule is applicable
if the beta-process could be described as a single nucleon decay without involvement of the
collective motion inside the nucleus. This means parity and momentum limitations for (super-)
allowed transitions as Am = +1, Al = 0,1. Unfortunately, most of known beta-decays are so-
called "forbidden” and their spectral shapes are distorted by internal nuclear collective motion
effects; the distortion function is usually referred as the form-factor H(W). As nowadays there
is no reliable nuclear model that could be used for the form-factor derivation for most of nuclei,
it is unavoidable that this function is obtainable only experimentally. The nuclei studied in
this work, 4Ce and "*Pr undergo - decays with a complex decay scheme, shown on figurel.
144Ce decays with three first forbidden beta-transitions with significant branchings. #4Pr lives
only 17.28 minutes and has three beta-transitions with non-negligible branchings, one of them
is allowed and goes to 1~ state with excitation energy of 2185 keV, one is first forbidden unique
and goes to the 27 excited state with energy of 696 keV and the transition with the highest
branching ratio of 97.9% goes to the ground state and has the endpoint energy of 2997.44 keV.
This source is quite promising for sterile neutrino searches since it is one of the most energetic
B~ sources, while inverse beta-decay cross section scales as the square of antineutrino energy.
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Figure 1. Decay scheme of “*Ce. The scheme shows most intensive beta-transitions of
144Ce and *Pr that contribute to the detected spectrum. One should notice that all gamma-
transitions with energy exceeding 696 keV follow and allowed beta-transition to the 1~ excited
state of 144Pr with excitation energy of 2185 keV.

Moreover, since cerium has unique feature of having two possible valencies (37 and 47), it has
additional mechanisms of chemical separation from processed nuclear fuel, that would help in
the source preparation. Thus, its precise spectral measurement would play an important role for
future sterile neutrino experiments. Unfortunately, the previous studies performed on this beta-
spectra form-factors are in disagreement with each other [3, 4, 5, 6, 7] and thus the systematic
uncertainty on the spectral shape will severely decrease such experiment sensitivity.

2. Choice of the spectrometric approach

The most traditional approach to beta-spectrometry is usage of various kinds of magnetic and
electrostatic spectrometers. These setups have a number of advantages, such as very good energy
resolution thanks to zero Fano factor, as well as quite simple detector response. Unfortunately,
spectrometers of this kind are quite complex, moreover, their complexity severely increases with
electron kinetic energy, limiting availability of this technique for energetic transitions.

Another option is usage of plastic and crystallite scintillators that, as calorimetric detectors,
do not have any issues, related with high endpoint energy of praseodymium ground state
transition, but have quite poor energy resolution and difficult-to-control systematics due to light
quenching effects, Cerenkov radiation and nonuniformity of light collection. Plastic scintillators
could also be used with radioactive source chemically binded to the scintillator itself, leaving no
issues of the detector light response. Still, the intrinsic problems of this kind of spectrometers
limit their maximum achievable precision.

Usage of semiconductor detectors might be a possible compromise since they are calorimetric
detectors that have quite good resolution together with a possibility of high-energy electron
energy registration. Charge collection of these detectors is significantly more predictable
than light collection of scintillators and that makes them able to achieve quite high levels of
spectrometry precision. Same time, these detectors have a list of problems, limiting options
for their application. First of all, these detectors could be produced in a limited number of
shapes, namely they could be made either planar or coaxial. Another problem is the entrance
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Figure 2. Principal scheme of the beta-spectrometer prototype with 4-7 geometry: 1 - upper
Si(Li) detector, 3 - lower Si(Li) detector, 2- a drilled hole with the 14*Ce — 144Pr beta-source in
form of dried solution on the hole surface

window thickness that can not be made negligible in terms of electron energy loss, especially
taking into account good energy resolution of these detectors. Also, the detector chemical
compound is strictly limited and the source could hardly be implanted into the crystal, thus
the only accessible option is usage of the spectrometer with an external source that would
suffer from various cases of incomplete electron energy deposition such as entrance window
transit,backscattering and bremsstrahlung radiation escape[8]. Here we propose a prototype
that is supposed to demonstrate a way out from these limitations making a compact and reliable
spectrometer capable of precision beta-spectrometry at high kinetic energies.

3. Experimental setup

47 geometry of the calorimetric spectrometer could bring a number of advantages with respect
to simple setup with a source and detector. Namely, a significant fraction of the beta-radiation,
falling onto the entrance window of the detector, is backscattered and thus the detector
response function differs from a simple Gaussian distribution by a pronounced low-energy tail
[8]. Moreover, this tail also includes contributions from bremsstrahlung exit from the crystal,
bremsstrahlung from the detector support structure and collimator and detector transit without
full energy deposition in case the detector sensitive region in not large enough.

The setup construction is based on the idea of twin planar Si(Li) detector usage [9]. The
planar detectors could be attached one to another in reverse order, attaching gold contact of
one detector to the gold contact of another detector. The source is located in a hole, drilled
in the gold contact surface of one of the detectors, providing enough room for placing of the
radioactive source in a form of a dried drop. The offset voltage is applied on both detectors with
the common contact with individual charge-sensitive preamplifiers. Thickness of the detectors
of the current prototype is 5.5 mm and 4.5 mm. This value is less than the continuous-slowing-
down approximation range for 3 MeV electrons, that could be estimated as 7.78 mm [10], so the
effect of detector transit without full energy deposition is expected to be significant. The setup
is located in a vacuum cryostat and is cooled down to liquid nitrogen temperature in order to
decrease the detector current. The setup is also fitted with an external Nal(T1l) gamma-detector,
allowing to detect gamma-lines in coincidence with beta-transitions going to excited states of
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the daughter nuclei (see figure 2). The signal from charge-sensitive preamplifiers is digitized
with 16bit ADC with sampling rate of 250 MHz, that work upon activation of individual digital
triggers. The signal from both Si(Li) detectors as well as the scintillating Nal(T1) detector is
digitally shaped with a triangular shaper, allowing to improve signal-to noise ratio with respect
to classical quasi-gaussian CR-nRC shapers.

The data are recorded on event basis, allowing to perform offline coincidence analysis. The
final spectrum is the spectrum for energy deposition of single detectors in case of no coincidence
and the sum of two detectors energy depositions for the case of coincidence, determined through
150 ns temporal window. The energy calibration is performed with 2°“Bi gamma-lines for both
detectors. Thus, the final spectrum shows the total energy deposition in the unification of
sensitive volumes of both planar detectors.

~
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Figure 3. Maximum likelihood fit of the final spectrum of the spectrometer with the 44Ce —
144Py source . The fit shows satisfactory statistical agreement of the theoretical description with
the spectrometer data as well as high sensitivity to the form-factor parameters. The best-fit
values are hidden since systematic uncertainties of this preliminary prototype spectrum are not
taken under complete control.

The spectrometer response function was derived through Monte-Carlo simulation, performed
with Geant4.10.4 simulation package[ll].  Electromagnetic physics package used in the
simulation was chosen to be G4EmStandardPhysics_option4, that is expected to be the most
precise standard package for low-energy physics [12]. Geometry of the setup was measured
and reproduced in the simulation with high precision. Sensitive volume thickness, that differs
from the detector thickness by a layer of diffusive lithium, unavoidable in Si(Li) detector
production technology, was left as two free parameters for both detectors and established via
maximum likelihood approach in the final spectrum fitting procedure. Since nuclear form-
factor parametrization used gives a limited freedom of spectral shape distortion, while the
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distortion caused by the detector transit without full energy deposition has a specific affection
on the spectrum, the spectral fit has a sensitivity of order of 0.02 mm for this parameter.
Still, simplification of the sensitive region shape to a cylinder contains some difficult to control
systematics and thus the future prototypes should have the size that satisfies the condition of
no electron escape. The entrance window thicknesses were studied through simulation tuning
on gamma and conversion electron peaks of 207Bi and thus the simulation is expected to provide
satisfactory precision, especially taking into account that this effect is quite small.

The final spectral fit was performed with maximum likelihood method with standard y?
likelihood function. The beta-spectrum was parametrized as

Spera(W) = P x E x (W —Wp)? x H(W) x F(W),

where P - electron momentum, E - electron kinetic energy, W = E 4 mec? - total electron
energy, Wy - total endpoint energy, H(W) - nuclear form-factor, parametrized as

Co (4
HW)=1+C1 xW+ — + —
W) =1+C + 5+ 77
and F(W) is so-called Fermi function that corresponds to the electromagnetic counterpart, that
is computed according to [13, 14] in the following parametrization:

FW)=Fc(Z,E.)L(Z,E.)C(Z,E.)S(Z,E.)G(Z, E.)B(Z, E.),

where Fo(Z, E.) is the coulomb interaction between the electron and the point-like nuclei,
L(Z,E.) is the electromagnetic finite-size correction, C(Z, E.) is weak finite-size correction,
S(Z, E.) is screening correction, G(Z, E.) is radiative correction and B(Z, E, ) is weak magnetism
correction. These functions were computed according to [13, 14, 15, 16, 17, 18] The total fit
function has the following form:

f(E) = Z S(F)® Fe(F, E) + Sconw.(E) + SW(E) + Sisap, (E) + S2140p, (E) + S241 4, (F),
B

where the sum is performed for all beta-transitions, Fe(E, E) is the spectrometer response
function, obtained with Monte-Carlo method spectrometer simulation, Secono.(E), Sy(E),
Sisapy(E), S2aacy,(E) and S214,,(F) are spectral shapes of contributions from conversion
electrons and gamma-radiation due to deexcitation of excited states of '**Ce and **Pr and
source contamination with »*Eu, 2*4Cm and ?*!Am respectively. These spectral shapes are
derived through a Monte-Carlo simulation with uniform contamination of the initial radiation
source inside the cerium target.

The fit shows satisfactory agreement with the obtained spectrum taking into account that the
form-factor model is empirical and should not describe the spectral shape precisely, see figure3.

5. Conclusions

A beta-spectrometer prototype with Si(Li) detectors and 47 geometry was constructed. The
setup shows good spectral resolution and allows to perform beta-spectrometry in a broad energy
range, reaching endpoint energy of *4Pr, that is basically the highest energy for beta-decaying
nuclides. The setup response could be described with the current standard physical models
of Geant4 package, providing good statistical agreement of the model with experimental data.
The current prototype still has some issues in the response description due to difficult to control
systematic effects, but the future implementations of the current strategy would allow high-
precision spectrometry for M4Pr beta-decay energy. This work was supported by Russian Science
Foundation, RSF 17-12-01009.
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